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Abstract

Sandia National Laboratories is responsible for the
design of recovery systems for atomic arntillery shells that are
peviodically tested by antillery firings. It is desirable w0 bave
a recovery sysiem that exhibits a high degree of reliability due
© the costs associated with each test shell. A Ram Air
Decelerator (RAD) has been investigated 23 a candidae
replacement for the current parachute recovery system. Tesus
have included proof-of-concept tests on a truck towing rig,
son-spinning airdrop tests, spin tests in 2 high altirude chamber
and antillery fired projectile tests. Although testing had o be
terminated before the program could be completed, significant
strides were made in RAD design for this harsh environment,
Pessible design improvements were identified for future testing
should the program be revived.

Introduction

Sandia National Laboratories is respoasible for the
design and testing of atomic artillery shells. During the
development and the continued stockpile evaluation of a type
of sheil, numerous artillery test firings are conducted. In many
of these test firings, it is necessary 1o recover the shell intact
0 evaluate the performance of ity components. In flight, the
shells are spin stabilized and can be revolving at more than
15,000 rpm (250 rps). To permit recovery, they are fired
from guns set at high qradrant elevation angles 85° 10 &§°
above the horizontal. On such high trajectories, the sheil falls
base first after passing apogee.

Preserly, a parachute recovery system’ is being used
o reduce the velocity of the shell before impact. During
Mmumuwmumm
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pinning at 2 high rate, acrodynamic and ic forces
can cause it 10 numase 10 a large enough angle that the sheil
tumns nearly upside down. This can result in the shell nibbing
on the lines which connect it to the paractuse and csa casse
failure of the recovery system. The spia of the shell is
decreased only by air friction, friction in the swivel and
friction between the sheil and the lines when they rub. A shel
recovered with the present parachute recovery system cas still
be spinning at more than 5,000 rpm when it impacts the
Although the present recovery system has been

The term Ram Air Decelerator (RAD) normally refers
0 a device with a closed pressure boundary (with the exception
of the ram air inlets) that is inflated by nm air. A RAD is
typically constructed of 3 bottom fabric panel and a top fabric
panel that are fastened together along their ouier ~dges 10 form
3 closed container. The only intended openings into this
container are the ram air vent boles Jocased in the bouom
panel. Figure | shows a sketch of an inflaed four-lobe RAD
attached to an artillery shell. RADs offer 2 possible advastage
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Figure 1
RAD Attached to an Artillery Shell

Flight Simmiaticn

large orque on the RAD due © aerodymamic drag. More
could be leamed about the centrifugal component of the load
in the absence of these acrodynamic losds. Thus, Sandia’s
High Ahitude Chamber (HAC) was employed.

ilized aa 2
capable of spinsing up 10 30,000 rpm (500 rpe). A control
sysiem regulased the supply air 0 the turbine ©© maintxin the
desired spin rae aad empioyed over-speed prowection logic ©
automatically discoanect the turbine from the supply air ia the
event of RAD fiilwre. A failsafe coupling was designed ino

Figure 2
Flight Profile for Artillery Shell Recovery
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attached 10 the deployment bag. A video camera was attached
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Figure 3
Schematic of the RAD Spim Apparstus

10 the mast 1 view and record the RAD during the west. The
remotely by a person in the cab of the truck. A typical en
mmmmmumm
& some point during the acceleration phast and
Wamwmmmum
In this manner, qualitative information on inflation could de
gathered and recorded very quickly. Figure 5 shows two
views of 2 RAD in its inflated shape while on the mast of the
ow test rig.

Air Drog Texs

The spin and tow tests proved to be very cost effective.
Required resources were limited to personnel assigned directy
10 the program. Scheduling of the fzcilities was virtually aever
a problem. However, these tests could not verify terminal
descent drag areas or velocities. Therefore, a third method of
testing was employed — 2ir drops from a helicopeer.

The same deployment bag used for the 0w teats was
wsed for the sirdrop tests. Three velicks weighing 25, S5,
and 95 Bs respectively were wsed. The v5 B vehicle was a
dummy artillery shell that simulated the uitimase RAD payload.
‘The texts were conducted by installing the vehicle and the RAD
20 the deployment bag that was attached 0 8 lifting hook
undemneath the helicopter. The helicopier would ascend 1 the




2) Bottom View

b)Top View

Figure §
Infated Shape of QRAD

des:red release altituce and mantan 2 mimmal forward
velocity. Reflective tape on the front of the test vehicle
prutruded through the bottom of the bag and allowed a
F7Iund-DaseC Ter-imIarr 10 oKX Inie e eenilln U
Jommand rtmose ground, Je et
was opened alowing the vehicle 1o fall trailing the RAD. As
the vehicle accelerated, the RAD inilated and the venicle
approached a erminal descent velocity. Dunng the enure ume
of fall, the laser-tracker followed the vehicle and computed
location and veiocity data. Several video and high-speed film
cameras recorced the event. These tests venfied Uie inflauon
charactenstics and produced drag area and terminal velocity
daa. The tesis were more costy and harder to K edule than
the spin and ww tests, but were a necessity before sroceeding
in e test program.
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The oniy means of tesung 1n the compiete environment
were 10 fire a est vehicie as a1 aruliery sheil. Such iests were
possibie at Sancia’s Tcnopah Test Range (TTR), Nevada, At
TTR several 155 mm and 8 inch aruliery guns are avariable o
fire 2 shell a1 *‘ugh elevauon angles. Upon usuing a full
prooulsive  charge, e sheil reaches an  apogee of
approximately "0,200 [ Racars and crucal wiesccpes ate
able 10 track ihe shell; however, photographic cOverage 1s
impossible at these extreme alutudes. A wice range of
propuls:ve charges 1s ava.lable that produce apogees as low as
25.000 ft. Truese low charges also procuce lower spin rates
resulung in lower centnfugal loads in 2 RAD as it deploys.
However, even though the spin rate 1s reduced, e increased
density at the ‘ower alutude results 1n larger aerocynamically
procuced torques on a RAD. Thus, 1t is not clear which
enviroument s the more severe. This faciiity was used in the
last suages of the test program for combined effecis tesung.

Test Program
Phas |

The naia fzogn i oa RaD for ce amulery sheld
recovery system used a 20 inch c:ameter ree-iobe RAD,
designated TRAD. The shape of the TRAD was specified by
Alex T. Zachann’. Two TRADSs were fabrcated using single
layers of coated Keviar cloth for both the op and bottom
panels. These TRADs were mourted on three different drop
test vehicles that had weights of 2§, 5§, an¢ 35 ib. The tests
involved dropping the vehicles from a helicopter. In each of
these ests the TRADs inflated very quickly and produced a
controlled descent. The 95 1b vehicle, a mockup of an actual
155 mm arullery sheil, reached a desceat velocity of
approximately 200 s at ground impact at an alutude of 5300
ft.

Spin iests were 'hen concucied :n a high alutude
chamoer (Cescnbed previcusly) o evaluate he ahility of the
TRAD design w withsund the hign ceninfugal loads. A review
of the streagth and' density properzes of several candidate
materials, see Tabie [, showed Keviar offers the greates.
strength 0 weight of any of the -sadily avalable filament
malenals.

The first spin twests of the three-iode designs using
woven Kevlar fabnc showed ihat the three-iobe RADs had
special problems when subjecied ¢ severe centnfugal loads.
The very nature of a three-icbe cesign constructed from a
singie layer of fabnc resulted in the weave orentauon (sraght
o bias) of the fabne differing from lobe w .obe. Thus, the
lobes did not strain uniformly as e unit was centnfgaily
loaded by the spin. This produced an unbalanced behavior and
uiumaiely contnbuted 0 the seif-desiruction of the unit. This




Table 1

Candidate Material Properties
Suength 10
Tensle Waeight Ratio
Material Swrength. 5, | Density, » *ip
(kai) ishos) | el fr'/siug)
Polypropyiene S 1.7 2.9
Nylon 1M 2.2 5.0
Steel 200. 14.7 13.8
Kovier $20 2.8 188
6ra series of spin tests indicated that the lobes should be
wmmmwmmdummny
woven fabric © take full advantzge of the Keviar fiiament
strength.
Phase I

Drawing from the expenence gained from the spin tests
in Phase I, 2 TRAD was constructed with each lobe cut from
umwm»mummwmmam
line drawn from the center of the hub to the tip of a lobe.
wmmmmmwmm:nu
Phase 1 TRADs added considerable weight with little or no
increase in strength, uncoated Keviar cloth was used in Phase
. The three lobes were sewn together ainng radial lines
mngﬁmunmuummymuup
of each of the lobes. When spun, these seams proved 1 be a
weak spot and again the TRAD was destroyed.

When the :op and bSottom panels of a RAD are
constructed with single layers of fabric, the stress in the fabric
due 10 centrifugal loads varies as a function of the square of
the radial distance from the outer edge of the RAD. To reduce
the fabric stresses, the aumber of filaments carrying the load
was increased by adding layers of fabric to each panel as an
inverse function of the radial distance from the center of
roation, the hub. This method of fabrication approximated one
used in modern high-speed flywheel designs. A second TRAD
was fabricated using this method with three fabric layers in the
hub region, two layers in the intermediate regioa and one layer
in the tip region. Each lobe was aligned with the warp
filaments (yarns) of the fabric. This consiruction eliminated
the seed for the radial seams of the carlier Phase 11 design and
improved the overall performance cf the TRAD. However, the
ultimate spin rate goal of 250 rps could not be met.

To further improve the filament loading efficiency of
the am air decelerator design, a change 10 a four-lobe design
was made. This four-lobe RAD design was designated as the
Quadripetal Ram Air Decelerator (QRAD). The four-lobe
design offered a larger projected area of inflated fabric 10 the
flow than did the three-lobe design (about 16 percent increase)
for the same lobe tip radius. This gives 2 QRAD more drag for
the ame tip radius than a TRAD.

As differet size TRADs were consrucied is the
programn 10 develop 3 RAD recovery system for an artiflery
shell their panems were simply obtained by scaling the
Zacharin patierns’. When the decision was made 10 build four-
lobe QRADs 3 method had to be devised to define the panerns
for the 10p and botom panels and for the added reinforcing

layers of fabric. Zacharin had defired the shape of the top and
botiom panels of TRADs by a series of arcs. The same type of
procedure was used (0 define the panel shapes for the QRADs.
Figure 6 shows a design cross-section of a QRAD.

The exact shape of the QRAD panels, sch as the depth
of the valley between lobes, the shape of the lobe, and the
height of the cross-section, was developed by a trial and error
process where prototypes with differing proportions were
construced and evaluaied. Once, the shape and size of the wp
panel were selected, the dimensions of the botom panel were
constrained 30 that the iength of the cmer edge of the bottom
panel would closely maich that of the wp panel. This
constraint was necessary since the top and botiom panels had
1o be joined by stitchirg 2'ong their outer edges.

A computer code was foralated ©© perform the
iterative process that was required to match the length of the
outer edges of the botiom panel to that of the top panel. Input
0 the code is shown in Table 2 and illostrased in Figures 6-8.
The code caiculated the parameters needed to construct the top
panel and the parameters needed to construct a bottom panel
that met the xdge length requirement.

Table 2
QRAD Sizing Parameter Definiticas

Parameter Name
(sss Figses 8. 70 )

Parasneter Definition

maximum radius
hesd racius

seam wadth

lobe shape parameters
inclingtion of straigitt
section

wipxlP®

It also calculated the outer radii for each reinforcing
fabric layer that was © be used. The outer radii for the
reinforcing layers are defined 30 the maximurn stress at the hud
due to centrifugal loads is not greater than the maximum at any
muu-umﬁm9mmmd

using reinforcing layers of fabric. When no reinforcing layer
unﬂmhpﬁﬁemmmmﬂyum
hud is approached. By inserting remforcing layers at the
various radii the maximum stress experienced by the fabric can
be controlled. This is illostrated by the second carve where two

AXBOFROTATION
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Figure 6
Cross-section Profile of QRAD
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Figure 9
Effects of Layering on Radial Stess

reinforcing layers are added before the hub is reached. Of
course, this method of reinforcing is valid only if each
reinforcing layer can be fastened 10 the other layers 30 the
radial Joad is evenly shared between the layers.

Another source of extreme centrifugal loads on the
fabric in the panels was the ram air scoops that were located
at the tips of the lobes in the Zacharin detign. These served
as concentrased masses and could not be tolerated at the largs
tip radii. The scoops were moved from the tips of the jobes 10
the troughs between esch of the lobes. Locting the scoops
much closer 10 the hub gready reduced the centrifugal losds in
the scoop aitachment regions.

The QRAD design with the ram 2ir scoops located in
the troughs proved very promising in the spin tests, surviving

Figure 8
QRAD Bottom Panel

Up tO 3pin rates aZ large as 270 rps (16,000 rpm). Figures 7
and 8 are sketches of wp and bottom panel designs that show
the design parameters tha are output.

Several of these QRADs were built from uncosted
Keviar fabric and tested in noo-spinning airdrops from a
helicopter as discussed previoualy. None of these inflased fully
and their drag performance was very poor. This poor iafistion
wat caused by increased permeability resulting from the change
to uncoated fabric and the extensive zig-zag stitcching used
the net permesbility of a ram air inflated decelerator must be
small o ensure proper inflation snd performance. In the
construction of mcceeding QRADSs a lower permeability fabric
was used and more attention was paid 10 minimizing the holes
left by the stitching process.

Phas I

There are a number of different solutions for the
permeability problem. One can cost an existing material, find
a lest permesble material, laminate an impermeable material,
or install an impermeable bladder within the RAD. Most
coatings that will reduce the permesbility significamly, also
add significantly 10 the weight of the material ~ something that
we had already seen as detrimental in this application. In
addition, as the parent maerial deformed under the extreme
loads, a coating may be damaged lesving the fabric more
permeable. The permeability of woven fabric is generally 00
great for this application. Mechanical alteration after weaving
(calendering) would likely lose its effectiveness whea the cloth
deformed under sress. A bladder withia the QRAD, if st
sttached structurally 0 the QRAD, would have 10 withstand
nearly the same amount of stress as the QRAD itself. Thys, &
Iaminated fabric was pursoed.




The fabric of choice was the same Keviar
laminated w0 a 0.5 mil layer of Mylar. The Mylar
adhesive) added little weight to the parent Keviar
deform with the Keviar, wmummm
impermeable. Also, this laminated fabric when
construct 2 QRAD, exhibited greater weave stabili
improved resistance © destruction by spin.

§~
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The change 10 a laminased fabric, a four-lobs design,
and the moving of the ram air xcoops cast uncertainty on the
inflation aspects of the new QRAD design. Thus, sevenl
QRADs3 were fabricated using the new dexign for simple ow
tests (as described earlier) to investigate the inflation aspects.
These wests indicased good inflaticn performance of the new
design and cleared the way for additional drop wests from a
helicopr2r to obtain drag data. Two drop tests were conducied,
one with the previously mentioned 35 Ib unit and one with the
s Db nmuhnd artillery shell.  These tests were quite

vimmdmemuilunlm Annin
artillery shell. However, the torque produced by acrodynamic
drag was not simulated in any of these tests.

Phas IV

As mentioned earlier, shont of firing a shell from an
artillery gun, the complete environment experienced during
deployment from a spinning shell could not be readily
duplicated by any other test methods. Thus, the next step in
the testing involved firing a test round from an artillery gun.
A test plan involving three firings was planned. The first two
firings used reduced propellant o decrease the
centrifugal loads imposed upcn the QRAD. While reduced
charges ensure a lower spin rate, the apogee of the shell is also
reduced by the lower muzzle velocity. This means the recovery
system is deployed at lower altitudes into higher air densities.
In fact, the aerodynamically produced torque on the QRAD is
higher at an apogee of 20,000 ft AGL than at the maximum
apogee of 65,000 t AGL. This aspect complicates the
selection of appropriate test conditions.

The first firing produced an apogee of 25,000 ft and a
maximum spin rae of 5,000 rpm. When the QRAD was
deployed, it separated from the sheil and the shell free feil ©
the ground. The QRAD was not recovered, but the shell was.
Post-test examination revealed the QRAD had separated in the
hub region between the two attachment rings. The tear
patterns observed indicated a shear failure of the adhesive
between the mounting rings. The second QRAD was
disassembled and re-bonded using epoxy as the adhesive. This
unit was fired with the same reduced charge. This shell also
separated from the QRAD and free fell to the ground. Both the
shell and the QRAD were retrieved. Post-test examination
revealed the QRAD had separated approximately 1-2 inches
outside the artachment ring. Crease paiterns on the QRAD
indicazed that it had twisted off. Two porsibilities exist for this
type of failure. The torsional loads produced by the inertia of
the QRAD during the extreme torsional acceleration at firing
could have caused 3 failure of the QRAD before it was even
deployed, or the acrodynamically produced torque could have
caused a failyre at the time of deployment.

Unfortunasely, funding constraints preciuded any further
development and testing of this sysem. However. some
potential solutions were identified which could be investigamed
shouid the program be restored.

Coaciusions & Recommesdations

While the QRAD has not been demonstrated 10 survive
the artillery launch environment, significant advances have
been made toward that goal. The absence of any other metaod
for testing all aspects of the environment simuitancously led
a failure mode ia the artillery fired tests that had not previously
been experienced.

As mentioned earlier, the QRAD seemed 10 have beea
twisted off just above the amachmenmt rings.  Thas,
strengthening the bottom panel in the area around the
anmpmyaﬂevmmepmbkm. Additioaal

should be considered in any future development program.

The failure mode observed was produced by torsional
loads. Ailowing the QRAD to rotate relative to the shell might
eliminate this fallure mode. However, it is desirable to de-spin
the shell before impact. An analysis of the roational energy
atsociated with the shell suggests that a limited energy
absorbing clutch could be devised to couple the QRAD 1o the
shell. The cluxh would mitigate the high torsional loads
placed upon the QRAD at deployment thereby reducing the
chance for failure. However, the clutch would transmit the
acrodynamicaily deveioped torque in the QRAD 10 the shell.
The clutch need oot be reasable nor must it survive for a loag
time - the typical time of fall being 4-5 minutes. A cursory
review of materials and the space available suggests that such
2 clutch could be incorporated.

As mentioned earlier, it is unclear whether or not the
QRAD survived the extreme torsional lcads during artillery
launch. If the QRAD failed in this environment (prior ©
deployment), it was due to the inertia of the QRAD itself
resisting the spia-up. Adding a more postive means of
coupling the QRAD 1o the artillery shell could efiminate this
failure mode. Such coupling might be provided by splines or

Incorporation of the ideas for increased strength in the
hub area, the torque mitigating clutch, and/or load coupling in
the shell rse should offer enough improvement in the desiga
to allow the design objectives to be met.
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